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Abstract 
Due to an increasing usage of dual phase (DP) steels in the automotive industry, it is necessary to fully investigate the 
mechanical response of DP steels during sheet forming processes or crash events. In this work, the mechanical response of 
DP600 obtained at different strain rates was used to calibrate the Yld2004-18P yield function at each level of strain rate, and the 
effect of strain rate on the flow surface was evaluated. Results showed that variation in the material anisotropy coefficients as a 
function of strain rate can alter the shape of the flow surface of DP600. The current modelling approach is shown to provide a 
frame work for the incorporation of strain rate-dependence of anisotropy within finite element simulations of sheet metal 
forming and crashworthiness.  
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1. Introduction 
In recent years, significant efforts have been put into improving the fuel efficiency of vehicles through weight 
reduction by replacing conventional steel grades with new materials, such as dual phase (DP) steels. Experimental 
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observations have shown that the mechanical properties associated with the material anisotropy, such as flow 
stresses and r-values, can change with strain rate. Changes in anisotropic behavior will cause changes in the shape 
of the flow surface which in turn determines the residual stress and strain distributions that are predicted by finite 
element analysis of a sheet metal forming operation. Hill (1948) introduced the first phenomenological anisotropic 
yield function, as an extension of von Mises’ quadratic yield function. Boehler and Sawczuck (1970) were among 
the first to express the yield criterion in terms of a linear transformation of the stress tensor. Many of the yield 
functions that were proposed, however, were not able to accurately capture the behavior of anisotropic sheet metals, 
and therefore Barlat et al. (2003) introduced a plane stress yield function (Yld2000-2d) that is expressed in terms of 
two linear transformations of the stress tensor. Later, Barlat et al. (2005) proposed a similar yield function 
(Yld2004-18P) that was able to describe the anisotropy of materials subject to a three-dimensional stress state. 
Many tests carried out over a wide range of strain rates are required to determine material anisotropy coefficients in 
order to investigate the effect of strain rate on the flow surface. The split Hopkinson pressure bar (SHPB) test, is 
widely used to determine the behavior of materials at high strain rates ( 10ଷ- 10ହ sିଵ). Thompson et al. (2006) 
performed tensile characterization and constitutive fitting of DP600 sheet at quasi-static and high strain rates (1000 
s-1) using a tensile split Hopkinson bar. More recently, Rahmaan et al. (2014) undertook tensile characterization of 
DP600 over a wide range of strain rates (0.001, 0.1, 1, 10, 100 and 1000 sିଵ). In that work, both the flow stress 
and r-values of DP600 were obtained in uniaxial tension along the sheet rolling, diagonal, and transverse directions. 
In this paper, the uniaxial data of Rahmaan et al. (2014) and biaxial tensile data due to Al-Nasser (2009) were used 
to calibrate the Yld2004-18P parameters at different strain rates in order to evaluate the effect of strain rate on the 
predicted shape of the flow surface. Such yield function calibrations are of potential importance in numerical 
simulation of automotive structural components under impact (crash) loading conditions (Abedrabbo et al., 2009). 
 
2. Experimental data 
DP600 sheet, a widely used steel grade in the automotive industry, with a nominal thickness of 1.5 mm, was 
selected for this study. DP600 combines relatively high strength due to the presence of martensite islands with 
good ductility due to the ferrite matrix. In order to determine the anisotropy coefficients of Yld2004-18p w.r.t. 
strain rate, the coefficients were fit to the measured mechanical response of DP600 under uniaxial and biaxial 
tensile conditions. The uniaxial response was fit to data due to Rahmaan et al. (2014), comprising the uniaxial flow 
stresses (Here, for the sake of brevity only the flow stress in RD at various strain rates is shown in Fig. 1) and 
corresponding r-values from uniaxial tension tests in the rolling (RD), diagonal (DD) and transverse (TD) 
directions of the sheet for a wide range of strain rates (0.001, 0.1, 1.0, 10, 100 and 1000 ݏିଵ). Quasi-static biaxial 
flow stresses were fit to data due to Al-Nasser (2009). 
Due to limitations in technology and testing methods, it is only possible to obtain experimental biaxial flow 
stress under quasi-static conditions (0.001 sିଵ in this case). A procedure was used to calculate the biaxial flow 
stresses for 0.1, 1, 10, 100 and 1000 sିଵ strain-rates in which it was assumed that the biaxial flow curves at higher 
strain rates (above 0.001 sିଵ) have the same work hardening rate as the experimental biaxial flow curve at 0.001 
sିଵ . Based on this assumption, the biaxial flow curve only shifts up or down depending upon the strain rate 
sensitivity of the material. The strain rate sensitivity was calculated based on a superposition approach applied to 
the RD, DD, and TD uniaxial flow stresses (considering the Johnson-cook hardening model formulation, the 
average strain rate-sensitivity was around 0.0155 for DP600). In order to determine the r–values, the engineering 
strain components measured along the longitudinal and width directions of tensile specimens at each strain rate 
were converted to true strains. The r-values in the RD, DD, and TD were then calculated based on the slope of the 
first-order equation fit to the width vs. longitudinal true strain data over the longitudinal strain range of 0.01-0.14.  
In yield functions, anisotropy coefficients are independent of strain and therefore it is necessary to select flow 
stresses at a certain level of effective plastic strain or plastic work in order to calibrate the anisotropy coefficients. 
It should be noted that the flow curve in the RD was extrapolated beyond the ultimate effective plastic strain using 
the same work hardening rate as that in biaxial tension, and the different flow stresses were normalized to the flow 
stress in the RD. The initial yield stresses may not accurately reflect the anisotropy of the material throughout its 
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entire deformation history, and therefore these values are not recommended to determine the anisotropy 
coefficients. Experimental data also show significant variations in flow stress at small strain values in both the 
diagonal and transverse directions (DD and TD) at various strain rates. However, at almost all strain rates, the DD 
and TD normalized flow stresses do not vary significantly in the strain range of 0.10-0.14, and therefore the DD 
and TD normalized flow stresses were selected based on the average values in this strain range. Also, the 
normalized biaxial flow stress for DP600 was selected based on an average value in the strain range of 0.2-0.5, 
since the biaxial normalized flow stresses saturates beyond a strain of 0.2 at almost all strain rates. The input data 
required for the calibration of Yld2004-18p at various strain rates are given in Table 1. 
 
 
Fig. 1. DP600 flow stress in RD at various strain rates. 
 
      Table 1. Input data at various strain rates for calibration of Yld2004-18p. Biaxial data at 0.001s-1 from Al-Nasser 
      (2009). Note that biaxial values for other strain rates are  calculated.  
 Strain rate (s
-1) 
0.001 0.1 1 10 100 1000 
Experimental data     
࣌૙ ࣌ഥΤ  1.000 1.000 1.000 1.000 1.000 1.000 
࣌૝૞ ࣌ഥΤ  1.028 1.012 1.012 1.007 1.004 1.007 
࣌ૢ૙ ࣌ഥΤ  1.041 1.039 1.029 1.024 1.020 1.022 
࣌࢈ ࣌ഥΤ  1.076 1.070 1.063 1.054 1.048 1.040 
       
       
࢘૙ 0.646 0.883 0.777 0.830 0.773 0.862 
࢘૝૞ 0.896 1.094 0.877 0.915 0.839 0.989 
࢘ૢ૙ 0.853 1.137 0.988 1.023 0.998 1.116 
Calculated from Yld2000-2d  
࣌૚૞ ࣌ഥΤ  1.005 1.001 1.001 1.000 1.000 1.000 
࣌૜૙ ࣌ഥΤ  1.016 1.004 1.005 1.002 1.000 1.003 
࣌૟૙ ࣌ഥΤ  1.036 1.023 1.020 1.014 1.011 1.013 
࣌ૠ૞ ࣌ഥΤ  1.040 1.034 1.026 1.021 1.017 1.019 
       
       
࢘૚૞ 0.685 0.917 0.790 0.841 0.778 0.879 
࢘૜૙ 0.790 1.003 0.826 0.871 0.797 0.926 
࢘૟૙ 0.921 1.142 0.931 0.965 0.903 1.052 
࢘ૠ૞ 0.879 1.144 0.972 1.006 0.969 1.099 
Calculated ࢘࢈ from Yld96     
࢘࢈ (Yld96) 0.666 0.735 0.738 0.776 0.742 0.743 
 
3. Yield function 
In order to investigate the effect of strain rate on the flow surface, the Yld2004-18p function due to Barlat et al. 
(2005) was selected and calibrated as part of the current research. This yield function is a three-dimensional (3D) 
extension of the plane stress Yld2000-2d function (Barlat et al., 2003) and considers two linear transformations of 
the 3D stress tensor:  
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߶ = | ଵܵᇱ െ ଵܵᇱᇱ|௔ + | ଵܵᇱ െ ܵଶᇱᇱ|௔ + | ଵܵᇱ െ ܵଷᇱᇱ|௔ + |ܵଶᇱ െ ଵܵᇱᇱ|௔ + |ܵଶᇱ െ ܵଶᇱᇱ|௔ + |ܵଶᇱ െ ܵଷᇱᇱ|௔ + |ܵଷᇱ െ ଵܵᇱᇱ|௔
+ |ܵଷᇱ െ ܵଶᇱᇱ|௔ + |ܵଷᇱ െ ܵଷᇱᇱ|௔ െ 4ߪത௔ = 0, 
(1) 
 
where ௜ܵƍ  and ௝ܵƍƍ  are the principal values of the transformed Cauchy stress tensors, ݏƍ  (= ܥ ƍܶߪ = ܮƍߪ ) and ݏƍƍ 
(= ܥ ƍƍܶߪ = ܮƍƍߪ), ߪത is the flow stress along a reference direction (taken here as the sheet rolling direction) and ܽ is 
the yield exponent. Here, ܥ ƍ  and ܥ ƍƍ  are the two linear transformation matrices incorporating the anisotropy 
coefficients, and ܶ transforms the Cauchy stress (ߪ) into its deviatoric stress components, as described by Barlat et 
al. (2005). The two linear transformations provide a total of 18 coefficients to describe the material anisotropy. For 
determination of all the coefficients, seven uniaxial flow stresses and the corresponding r-values are required in 15 
degree increments relative to the rolling direction, as well as the biaxial flow stress and corresponding r-value, and 
four extra input data (45° tension and simple-shear data in two different out of planes) characterizing the out-of-
plane material behavior. In order to determine the anisotropy coefficients, an error function was minimized. Here, 
due to unavailability of the crystallographic texture of material, the out-of-plane flow stresses were set to their 
isotropic values. Also, due to a lack of experimental data for the uniaxial tension tests at 15° increments from the 
rolling direction, the Yld2000-2d (Barlat et al., 2003) yield function was used to generate the flow stresses and 
corresponding r-values for the 15°, 30°, 60° and 75° orientations (the data are presented in Table 1). Also, the 
Yld96 yield function was used to determine the biaxial r-value, ݎ௕ . Interested readers are referred to the paper of 
Barlat et al. (2005) for more detail on the calibration procedure and corresponding formulations. The Yld2004-18p 
anisotropy coefficients for different strain rates are given in Table 2. 
 
                               Table 2. Yld2004-18P coefficients at various strain rates (exponent ܽ = 6). 
 Strain rate (s
-1) 
0.001 0.1 1 10 100 1000 
ࢉ૚૛ƍ  0.765 0.898 1.305 1.072 1.286 0.832 
ࢉ૚૜ƍ  0.272 0.888 0.931 0.853 0.978 0.709 
ࢉ૛૚ƍ  0.889 1.185 0.998 0.853 0.777 1.407 
ࢉ૛૜ƍ  0.376 0.941 0.589 0.395 0.546 0.888 
ࢉ૜૚ƍ  1.058 1.026 0.921 0.805 -0.073 0.846 
ࢉ૜૛ƍ  0.901 0.723 1.159 0.892 1.039 0.991 
ࢉ૝૝ƍ  1.814 1.022 2.103 1.204 1.628 1.183 
ࢉ૞૞ƍ  1.445 1.165 1.585 1.156 1.478 1.089 
ࢉ૟૟ƍ  0.990 1.035 1.231 0.948 1.189 1.144 
       
       
ࢉ૚૛ƍƍ  0.944 0.836 0.329 0.952 0.192 0.713 
ࢉ૚૜ƍƍ  1.082 0.505 0.152 1.132 0.950 0.534 
ࢉ૛૚ƍƍ  1.054 0.879 0.822 0.930 0.696 0.846 
ࢉ૛૜ƍƍ  1.053 0.290 0.684 1.136 0.386 0.704 
ࢉ૜૚ƍƍ  0.980 1.222 1.296 1.042 1.214 1.515 
ࢉ૜૛ƍƍ  1.071 1.113 1.361 1.136 1.372 1.161 
ࢉ૝૝ƍƍ  1.272 0.790 0.979 1.287 1.832 0.616 
ࢉ૞૞ƍƍ  1.197 1.945 1.903 1.205 1.522 1.512 
ࢉ૟૟ƍƍ  0.862 0.917 0.681 0.972 0.722 0.825 
4. Planar distribution of anisotropic data 
Fig. 2 shows the measured normalized flow stresses and r-values as a function of sheet orientation in addition to 
curves predicted using the calibrated Yld2004-18p function at various strain rates. It should be noted that, since the 
experimental data were used to identify the anisotropy coefficients, the calculations are not truly predictive. 
However, the figures serve to demonstrate the ability of the Yld2004-18p function to accurately describe the 
measured uniaxial flow stress and r-value dependence on sheet orientation at all strain rates. The strong 
performance of the Yld2004-18p formulation is attributed to its incorporation of two linear transformations and the 
calibration procedure proposed herein. 
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Fig. 2. Measured and predicted anisotropy of the flow stress and the r-value; (a) 0.001; (b) 0.1; (c) 1; (d) 10; (e) 100; (f) 1000 sିଵ. 
 
5. Results and discussion 
In order to understand the influence of updating the sheet anisotropy at each level of strain rate, the flow 
surfaces at the given strain rates were derived and plotted in two-dimensional (2D) principal stress space by 
assuming that the principal axes of stress and anisotropy are coincident. It should be noted that in the graphs in Fig. 
3, the “Quasi-static” curves in each figure (represented by a dashed-line) correspond to the measured experimental 
or predicted data at 0.001 sିଵ, the lowest strain rate considered. The “Updated” curves (represented by a solid-line) 
represent the results obtained for each of the higher strain rates, thereby highlighting differences in the flow 
surfaces with changes in strain rate. Also, these graphs show the measured and predicted flow surfaces for two 
different values of the normalized shear stress; (1) zero, and (2) the value of the ratio of the flow stress in DD w.r.t. 
the flow stress in the RD (ɐସହ ɐ଴Τ ) for each corresponding strain rate. 
A non-negligible difference in flow stress can be seen in the balanced biaxial stress state at high strain rate 
regimes, but this difference is less significant in uniaxial tension in the TD. Also, the updated flow surface deviates 
from the quasi-static flow surface at 1000 sିଵ when the shear stress ratio is high (ɐ୶୷ = ɐସହ/2). These differences 
emphasize the potential importance of adjusting the anisotropy coefficients with respect to the strain rate in finite 
element simulations of high strain rate sheet metal forming processes and in numerical analyses of crash events. By 
comparing the predicted flow surfaces with the experimental data points, the results also demonstrate that the 
updated Yld2004-18p is able to accurately describe the anisotropic behavior of DP600 at various strain rates and 
under different stress states. Also, Fig. 3 shows a comparison between the flow surfaces predicted by the Updated 
Yld2004-18p and von Mises at various strain rates; the results show a noticeable difference between the Yld2004-
18p and von Mises flow surfaces under biaxial and plane-strain stress states. This difference decreases with 
increasing strain rates, but remains non-negligible. Differences between the Yld2004-18p and von Mises criteria 
are also more significant when the shear stress ratio is high. It should be noted that while the dependency of the 
material anisotropy on strain rate in the measured data of Rahmaan et al. (2014) is relatively modest, this is not 
always the case, as observed by Kurukuri et al. (2014) for materials such as magnesium alloy sheet for which 
multiple slip systems and deformation systems are active with differing dependencies on strain rate. 
6. Conclusion 
The current results show a non-negligible difference between the quasi-static and updated flow surfaces 
calculated for DP600 using the Yld2004-18p yield function, particularly in the high strain rate regime and in the 
biaxial stress state. These differences exist for almost all normalized shear stress increments. A significant 
difference can be seen between the Yld2004-18p and von Mises flow surfaces in biaxial and plane-strain stress 
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states at various strain rates. Results show that this difference decreases with increasing strain rate, but remains 
noticeable, which emphasizes the role of anisotropy at intermediate and high strain rate regimes for DP600. The 
comparison between the measured flow stresses and r-values has demonstrated that the current modelling approach 
is clearly capable of capturing variation in material anisotropy as a function of strain rate. Such variation can be of 
importance in finite element simulation of high rate (impulsive) metal forming processes and crash events. 
 
 
Fig. 3. Flow surfaces predicted by Yld2004-18p and von Mises; (a) 0.1; (b) 1; (c) 10; (d) 100; (e) 1000 sିଵ. Note that biaxial values for strain 
rates above 0.001 sିଵ are calculated. 
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